Cell-cell interactions between genetically distinct bacteria, known as coaggregation, are important for the formation of mixed-species biofilms such as dental plaque.
present in saliva. Pioneer colonizers, including several species of oral streptococci such as Streptococcus gordonii, S. sanguinis, and S. oralis, along with Neisseria, Haemophilus, Veillonella, Actinomyces and others, adhere to protein and glycoprotein receptors in the acquired enamel pellicle that coats the tooth surface.
3 These species provide new adhesins and receptors that support the incorporation of other organisms into the biofilm. Genera such as
Fusobacterium and Corynebacterium adhere to a large number of different oral bacteria and they can frequently be identified in the middle layers of dental plaque, potentially providing a bridge for the subsequent colonization by a diverse array of other oral bacteria. 4, 5 Many physical interactions (coaggregation) between taxonomically distinct oral bacteria have been studied in vitro and a number of cell surface protein adhesins and receptor carbohydrates have been identified. 6 In some cases, strong coaggregation is mediated by interactions between one type of adhesin and a complementary receptor. For example, S. gordonii DL1 SspB is necessary and sufficient for binding to an Actinomyces oris MG1 cell surface carbohydrate and mediating coaggregation. 7, 8 Other coaggregation interactions involve multiple proteins and/or carbohydrates. Recent evidence indicates that coaggregation between Fusobacterium nucleatum and S. gordonii involves at least three F. nucleatum outer membrane proteins: two arginine-inhibitable adhesins, RadD and CmpA, and an accessory protein Aid1 that facilitates RadD-mediated adhesion. [9] [10] [11] [12] It is not clear which components of S. gordonii are required for this interaction, but it is likely that at least one antigen I/II family adhesin, SspA or SspB, is involved since the homologous protein of S. mutans, SpaP, is required for coaggregation with F. nucleatum. 13 Coaggregation interactions directly influence the spatial positioning of different species in dental plaque. 14 They may also play an indirect role, through bringing cells into close proximity where they exchange signals, metabolites or antimicrobial products that can subsequently lead to co-operative or competitive interactions in the biofilm. [15] [16] [17] Many examples of metabolic cross-talk between oral bacteria have been identified. 18 Oral streptococci such as S. gordonii are important producers of lactic acid that can be utilized by other species in the biofilm such as Veillonella spp. and Aggregatibacter actinomycetemcomitans. [19] [20] [21] Production of 4-aminobenzoate/paraamino benzoic acid (pABA) by S. gordonii supports biofilm formation and colonization of Porphyromonas gingivalis in a murine oral infection model, but reduces virulence. 22 S. gordonii also secretes ornithine during uptake of arginine through the ArcD arginine/ornithine antiporter. The ornithine can be utilized by F. nucleatum and promotes dual-species biofilm formation.
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There is now strong evidence that cell-cell interactions are sensed by the partner species and lead to phenotypic adaptations that affect key functions such as growth, virulence or mixed-species biofilm formation. For example, S. gordonii utilizes a secreted protease, Challisin, to acquire and sense arginine following coaggregation with
Actinomyces oris, and coaggregation enables growth of S. gordonii in arginine-depleted media. 24, 25 Interactions with S. gordonii lead to up-regulation of the A. actinomycetemcomitans complement resistance protein ApiA and promote survival in human serum. 26 In addition, in response to hydrogen peroxide production by S. gordonii, A. actinomycetemcomitans up-regulates katA, encoding catalase, and dspB, encoding Dispersin B, enabling both fight (using catalase) and flight (using Dispersin B) and overall promoting biofilm formation by both species. 27 There is evidence that S. gordonii and F. nucleatum respond to the presence of one another, since the total protein profiles of each species are distinct when grown in two-or three-species biofilms (also containing P. gingivalis) compared with monoculture biofilms. 28, 29 However, the early changes in gene expression in these two important oral bacteria following cell-cell interactions have not yet been documented. Therefore, this study aimed to explore the impact of coaggregation between S. gordonii and F. nucleatum in human saliva on the gene expression in each partner. Understanding responses to coaggregation will provide important insights into how these species adapt as they interact with one another during the formation of oral biofilms.
| MATERIAL S AND ME THODS

| Saliva preparation
Ethical approval for the collection of saliva from healthy volunteers was obtained from the Newcastle University Research Ethics Committee (reference 1083). Parafilm-stimulated saliva was collected on ice from five healthy individuals who had not eaten for at least 2 hours prior to collection. Immediately after collection, dithiothreitol (DTT) was added to a final concentration of 2.5 mmol/L and stirred gently on ice for 10 minutes. Large particles were removed by centrifugation at 15 000 g for 30 minutes at 4°C. The supernatant was collected and three volumes of H 2 O were added to one volume of saliva. The diluted saliva was sterilized by filtration through a 0.22 µm pore membrane. Saliva was aliquoted and stored at −20°C until use as a medium for coaggregation. Before use, saliva was thawed in a 37°C water bath and any precipitate that had formed was removed by centrifugation at 1400 g for 10 minutes at 20°C. 
| Bacterial growth and coaggregation assays
| Electron microscopy
For high-resolution imaging of coaggregation by transmission electron microscopy (TEM), coaggregation was induced as described above. 
| Extraction of RNA from coaggregates and monocultures
To assess gene regulation responses to coaggregation, S. gordonii Three biological replicates were performed for all conditions.
To disrupt cells for RNA extraction, samples were thawed at 20°C
and resuspended in 100 μL spheroplasting buffer containing 0.1 mg/ mL spectinomycin. 30 Mutanolysin was added to 500 U/mL and cells were incubated at 37°C for 5 minutes. Total RNA was extracted using the Ambion RiboPure Bacteria RNA Purification kit (Life Technologies) according to the manufacturer's instructions. RNA concentrations were determined using a NanoDrop ND-1000 Spectrophotometer (Nanodrop Technologies, LLC, Wilmington, DE, USA). To ensure that RNA had not degraded during extraction, an aliquot of each sample was analysed by gel electrophoresis. Additional quality control using the Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was performed upon receipt of samples by BGI Tech Solutions (Hong Kong).
| Library construction and wholetranscriptome sequencing
Following an initial rRNA depletion, first strand cDNA synthesis was performed using random hexamer primers. The secondstrand cDNA was synthesized using buffer, deoxyribonucleotides, RNase H and DNA polymerase I. Short fragments were purified, ends repaired and poly(A) tails added, prior to connecting sequencing adapters. Second strand cDNA was digested with uracil N-glycosylase and the product was purified before PCR amplification. Finally, the library was sequenced on the Illumina HiSeq 
| Pre-processing raw sequence data
Raw reads were quality examined by gov/sra/) under accession number SRP148871. 35 The fold changes after (www.bioconductor.org). Differential Expression was determined using the DESeq2 version 3.6. 36 This was done using the sequence of commands: newCountDataSet, estimateSizeFactors, estimateDispersions, and nbinomTest. For the estimateDispersions function the settings used were method = "per-condition", sharingMode = "maximum", fitType = "parametric". The differentially expressed genes were considered to be significant at P adj < 0.05.
TA B L E 1 Primers used for RT-qPCR
A volcano plot exploring all differentially expressed genes from mixed and monoculture comparisons displaying the relation between log 2 (fold change) and statistical significance (P adj ) values was generated using in house R scripts. Gene networks corresponding to the screened differentially expressed genes were retrieved from . The y-axis corresponds to the mean expression value of log 10 (P adj ), and the x-axis displays the log 2 (fold change) value. The green and red dots correspond to significantly down-and up-regulated genes, respectively (P adj < 0.05). The black dots represent the genes whose expression levels did not reach statistical significance (P adj > 0.05)
Search Tool for the Retrieval of Interacting Genes (STRING) database v10.5. 37 To highlight connected clusters of nodes, kmeans clustering was applied as described in figure legends.
| Quantitative reverse transcriptase PCR (RTqPCR)
Quantitative reverse transcriptase PCR was carried out using two steps for reverse transcription and PCR. The reverse transcription step was performed using the QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA, USA). RNA samples extracted from S. gordonii and F. nucleatum cells were converted into cDNA according to manufacturer's instructions, with the modification that random hexamers (Bioline, Taunton, MA, USA) were used in place of the QuantiTect oligo-dT primers. 30 The cDNA samples were stored at −20°C until analysis by real-time PCR. Primers for RT-qPCR analysis are described in Table 1 .
All RT-qPCR was performed using SYBR Green dye from the 
| RNA extraction and RNA-Seq
To assess the gene regulation responses of S. gordonii and F. nucleatum to coaggregation, cells of each species were mixed in human saliva to induce coaggregation, incubated for 30 minutes and RNA was extracted from coaggregates or monoculture controls. The RNA from each sample was shown to be free from excessive degradation by NanoDrop spectrophotometry, agarose gel (Table   S1 ). After the removal of bases with quality score less than 20 in Trimmomatic-0.36 software, we retained ≥92% reads for all the samples. Subsequently, for monoculture 95% of aligned reads mapped to the S. gordonii reference genome and 98% of aligned reads mapped to the F. nucleatum reference genome. For mixed transcriptome samples, 30% of reads mapped to the S. gordonii genome and 60% of reads mapped to the F. nucleatum genome (Table   S1 ). Samples from mixed and monoculture samples showed a similar distribution of per-gene read counts per sample, as visualized by box plots (Figure 4) , indicating that the distributions of data were quantitatively comparable between mixed coaggregate and monoculture samples and no batch effects.
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DESeq2 was used to compare coaggregate sample reads with two monoculture sample reads separately. A total of 119 S. gordonii genes (51 down-regulated and 68 up-regulated genes) and 16
F. nucleatum genes (two down-regulated and 14 up-regulated) were found to be differentially expressed at a false discovery rate (P adj ) of <0.05. Volcano plots of genes that were differentially expressed in the two different comparisons illustrate distinct transcriptional profiles ( Figure 5 ).
| RT-qPCR validation of RNA-Seq data
To validate the gene regulation observed by RNA-Seq, a selection of genes was also monitored by RT-qPCR. Two up-regulated, two down-regulated and two non-regulated genes that were reasonably strongly expressed were selected from each species. The patterns of expression were very similar by RNA-Seq and RT-qPCR ( Figure 6 ). In each case, there was a strong correlation between the two data sets (Pearson's correlation coefficients between 0.96 and 0.97, P < 0.01).
Therefore, overall the RT-qPCR analysis of gene expression closely matched that by RNA-Seq.
| Gene regulation in F. nucleatum
Genes that were regulated in F. nucleatum in response to coaggregation with S. gordonii are listed in Table 2 . Broadly, functions related to amino acid transport, calcium transport, catalytic activity/phosphorous metabolic process, lipid transport/metabolism and sialic acid catabolism were affected. The network of interacting genes was visualized using the STRING database ( Figure 7) . The most striking impact of coaggregation was on the expression of an eight-gene operon involved in sialic acid catabolism (FN1470-FN1477). All genes in this operon were significantly up-regulated between 2-and 5-fold in response to coaggregation. The genes in this operon encode the machinery for sialic acid uptake via a tripartite ATP-independent periplasmic transporter (SiaPQM) and catabolism by NanA/NanK/NanE to produce N-acetylglucosamine-6-phosphate. 42 In addition, there is a regulator (NanR) and two proteins of unknown function (FN1470 and FN1477). The N-acetylglucosamine-6-phosphate is a substrate for the enzymes NagA and NagB, which produce fructose-6-phosphate that can then enter glycolysis. 43 Genes encoding NagA/NagB were not differentially regulated in our RNA-Seq analysis.
It is not clear why sialic acid catabolism was affected by coaggregation. Free sialic acid is found in saliva within the healthy mouth at concentrations >40 mg/dL. 44 In addition, sialic acid is commonly present in host glycoproteins as a terminal residue on carbohydrate Genes were coloured based on kmeans clustering into three distinct groups. Genes involved in DNA maintenance form one cluster (green nodes), while three genes for tryptophan biosynthesis form a separate cluster (blue nodes). Edges were drawn based on different lines of evidence (see legend to Figure 7) of F. nucleatum to coaggregation appears to involve metabolic pathways that converge on fructose 6-phosphate.
| Gene regulation in S. gordonii
Many more genes were regulated in S. gordonii following coaggregation than in F. nucleatum. In total, 119 genes were regulated in S. gordonii (Table S2) . Key functions that were affected included carbohydrate metabolism (19 genes), amino acid metabolism (14 genes) and regulation of DNA metabolic process (4 genes; Table 3 ).
By STRING database analysis, the major clusters of up-regulated genes were those related to DNA metabolic processes and three genes in tryptophan biosynthesis (Figure 8 ). The genes involved in DNA metabolism are predicted to encode a regulatory protein (RecX), an endonuclease (MutS2), a cell division protein (DivIB) and a DNA repair protein (RecN). In Bacillus subtilis MutS2 promotes F I G U R E 9 STRING database analysis of genes down-regulated in Streptococcus gordonii following coaggregation. Five different clusters from kmeans clustering are indicated by different colours of nodes. See legend to Figure 7 for an explanation of the edges. The major cluster (light brown/green nodes) is formed from lactose/galactose uptake and catabolism genes that are co-located on the chromosome homologous recombination and protects cells from DNA damage.
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It is possible that the changes in DNA metabolism prime the S. gordonii cells for uptake and incorporation of foreign DNA following sensing of a different species.
The up-regulation of tryptophan biosynthesis genes, along with the cysteine biosynthesis gene cysK, was part of a larger global response involving regulation of amino acid metabolism. Genes in several amino acid metabolism pathways were down-regulated following coaggregation ( Figure 9 ) including both histidine catabolism (hut genes) and histidine biosynthesis (his genes). It has recently been shown that coaggregation can be sensed through the action of the S. gordonii extracellular protein Challisin, which appears to release amino acids from neighbouring bacteria such as Actinomyces oris. 25 It is possible that 
| CON CLUS IONS
Coaggregation followed by dual RNA-Seq provides a simple model to analyse early responses to interactions between taxonomically distinct bacterial cells. We predict that the gene regulation will be similar to that following incorporation into biofilms, since the structure of aggregates is similar in many ways to a biofilm. The advantage of using aggregated cultures rather than biofilms is that there is no need for scraping cells from a surface to recover RNA, which could potentially lead to changes in RNA levels as a result of sample processing. In future, it will be important to extend these studies by monitoring gene expression over a prolonged time course, as has been reported for S. gordonii interacting with Porphyromonas gingivalis. 52 In addition, it will be important to determine whether there are similarities in gene regulation following interactions with a range of different bacteria. Conserved regulatory responses may elucidate key functions involved generically for adaptation to mixed-species environments. Such functions would be excellent candidate targets for new methods to control the formation of mixed-species biofilms such as dental plaque. Finally, it will be important to determine the mechanism of cell-cell sensing, and in particular whether it is mediated by an actively secreted factor or by the physical process of cell-cell contact. This could be tested by killing one partner species prior to coaggregation and monitoring gene regulation in the other.
Interestingly, it has been shown that aggregation of bacteria by synthetic polymers designed to sequester quorum sensing signals activates quorum sensing-regulated genes, indicating that aggregation and quorum sensing may have similar impacts on gene regulation.
53
Elucidation of cell-cell sensing mechanisms between oral bacteria is critical for the development of novel strategies designed to control dental plaque by interfering with intermicrobial interactions.
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